Intercellular transport of the plant hormone auxin is mediated by three families of membrane-bound protein carriers, with the PIN and ABCB families coding primarily for efflux proteins and the AUX/LAX family coding for influx proteins. In the last decade our understanding of gene and protein function for these transporters in Arabidopsis has expanded rapidly but very little is known about their role in woody plant development. Here we present a comprehensive account of all three families in the model woody species Populus, including chromosome distribution, protein structure, quantitative gene expression, and evolutionary relationships. The PIN and AUX/LAX gene families in Populus comprise 16 and 8 members respectively and show evidence for the retention of paralogs following a relatively recent whole genome duplication. There is also differential expression across tissues within many gene pairs. The ABCB family is previously undescribed in Populus and includes 20 members, showing a much deeper evolutionary history, including both tandem and whole genome duplication as well as probable gene loss. A striking number of these transporters are expressed in developing Populus stems and we suggest that evolutionary and structural relationships with known auxin transporters in Arabidopsis can point toward candidate genes for further study in Populus. This is especially important for the ABCBs, which is a large family and includes members in Arabidopsis that are able to transport other substrates in addition to auxin. Protein modeling, sequence alignment and expression data all point to ABCB1.1 as a likely auxin transport protein in Populus. Given that basipetal auxin flow through the cambial zone shapes the development of woody stems, it is important that we identify the full complement of genes involved in this process. This work should lay the foundation for studies targeting specific proteins for functional characterization and in situ localization.
Intercellular transport of the plant hormone auxin is mediated by three families of membrane-bound protein carriers, with the PIN and ABCB families coding primarily for efflux proteins and the AUX/LAX family coding for influx proteins. In the last decade our understanding of gene and protein function for these transporters in Arabidopsis has expanded rapidly but very little is known about their role in woody plant development. Here we present a comprehensive account of all three families in the model woody species Populus, including chromosome distribution, protein structure, quantitative gene expression, and evolutionary relationships. The PIN and AUX/LAX gene families in Populus comprise 16 and 8 members respectively and show evidence for the retention of paralogs following a relatively recent whole genome duplication. There is also differential expression across tissues within many gene pairs. The ABCB family is previously undescribed in Populus and includes 20 members, showing a much deeper evolutionary history, including both tandem and whole genome duplication as well as probable gene loss. A striking number of these transporters are expressed in developing Populus stems and we suggest that evolutionary and structural relationships with known auxin transporters in Arabidopsis can point toward candidate genes for further study in Populus. This is especially important for the ABCBs, which is a large family and includes members in Arabidopsis that are able to transport other substrates in addition to auxin. Protein modeling, sequence alignment and expression data all point to ABCB1.1 as a likely auxin transport protein in Populus. Given that basipetal auxin flow through the cambial zone shapes the development of woody stems, it is important that we identify the full complement of genes involved in this process. This work should lay the foundation for studies targeting specific proteins for functional characterization and in situ localization.
INTRODUCTION
Plant development is highly plastic owing to growth via meristems, and this plasticity is fundamental to the ability of plants, as sessile organisms, to adapt to changing environments. Developmental flexibility is particularly important for trees, which can live for thousands of years in the same place, growing massive bodies that must face a multitude of environmental challenges. The plant hormone auxin is well established as a key regulator of plant morphogenesis and in recent years the molecular mechanisms of transport and action have been elucidated. With the publication of the Populus trichocarpa genome (Tuskan et al., 2006) , new tools to improve our understanding of secondary growth − the type of vascular growth that defines woody plants − became available. Populus is not only the dominant model species for woody plant growth, but also a valuable crop for pulp, bioenergy production, and carbon sequestration. Thus, understanding the mechanisms that underlie auxin transport in Populus is of interest both in the context of the evolution of plant development and as a means to manipulate plant architecture, biomass production, and fiber quality.
The auxins as a group include several molecules, with the most abundant natural form in plants being indole-3-acetic acid (IAA). Auxin synthesis occurs in young, actively growing tissues including shoot tips, young leaves, and germinating seeds (Ljung et al., 2001a,b) , and increasing evidence suggests that synthesis takes place in the roots as well (Ljung et al., 2005) . Auxin moves from the sites of production throughout the plant via two routes: long distance transport of conjugated forms in the phloem and short distance transport of "free"(non-conjugated) auxin via polar auxin transport (PAT). By far the better studied route, PAT is a form of active intercellular transport mediated by proteins inserted in the plasma membrane that belong to three distinct families. The PIN and ABCB families encode efflux proteins (i.e., proteins that facilitate movement out of cells), whereas members of the AUX/LAX family facilitate auxin entry into cells, along with passive diffusion. PAT is relatively slow (5-20 mm/h; Lomax et al., 1995) , saturable and can be impaired by the application of both competitive inhibitors and inhibitors of protein synthesis (Katekar and Geissler, 1980; Sussman and Goldsmith, 1981) . This form of transport is considered polar because the protein carriers are often asymmetrically positioned in the plasma membrane such that transport is directional. Transport directionality can then be altered on relatively short timescales in response to repositioning of the protein carriers. Feedback mechanisms also exist such that PAT is often self-reinforcing, with multiple transport proteins themselves being upregulated by auxin (Sauer et al., 2006; Titapiwatanakun and Murphy, 2009) .
The PIN proteins have been studied extensively in Arabidopsis thaliana (Chen et al., 1998; Luschnig et al., 1998; Müller et al., 1998; Utsuno et al., 1998; Friml et al., 2002a Friml et al., ,b, 2003 and show dynamic polar localization at the plasma membrane (PIN1, PIN2, PIN3, PIN7) or in the endoplasmic reticulum (ER) (PIN5, PIN6, PIN8; Mravec et al., 2009; Friml and Jones, 2010) . PIN1 was first described as mediating PAT and determining organ outgrowth at the inflorescence (Okada et al., 1991; Gälweiler et al., 1998; Vernoux et al., 2011) . Subsequently its role in embryogenesis, vein patterning, vascular development, and root development were established Vieten et al., 2005; Scarpella et al., 2006; Petrásek and Friml, 2009 ). The characterization of PIN genes has been expanded to include the monocotyledons Zea mays and Oryza sativa, both of which express several PINs thought to be specific to the monocots. In maize, ZmPIN1a, b, and c are responsible for directing auxin transport in the male and female inflorescences and in the floret meristems (Carraro et al., 2006; Wu and McSteen, 2007) . They are also involved in endosperm and embryonic development (Forestan et al., 2010) and in the maintenance of phyllotaxy (Lee et al., 2009 ). The monocot-specific PINs from rice (OsPIN9, OsPIN10a, and OsPIN10b) are highly expressed in adventitious root primordia and pericycle cells at the stem-base, suggesting that they may have evolved to promote adventitious root development (Wang et al., 2009) .
Members of the AUXIN/LIKE AUXIN (AUX/LAX ) family in Arabidopsis (Bennett et al., 1996; Yemm et al., 2004) are largely responsible for auxin influx, although the protonated form of auxin (IAAH) is able to passively diffuse into cells. The founder member AUX1 encodes a plasma membrane protein that belongs to the amino acid permease family of proton-driven transporters and functions as an anionic symporter (Swarup et al., 2005; Yang et al., 2006) . AUX1-mediated IAA uptake is implicated in gravitropic response, as the agravitropic phenotype of the aux1 mutant can be phenocopied in wild-type seedlings by applying the auxin influx carrier inhibitor 1-naphthoxyaceticacids (1-NOA) and rescued using the membrane-permeable auxin 1-naphthaleneacetic acid (NAA; Swarup et al., 2001; Yemm et al., 2004) . The paralogs of AUX1, LAX1, LAX2, and LAX3 encode proteins that maintain a correct phyllotactic pattern at the shoot apical meristem (SAM), as they act together with PIN1-mediated auxin efflux (Bainbridge et al., 2008) . LAX3 is also involved in the development of lateral root primordia .
The involvement of ABCB [ATP-binding cassette (ABC) transporters of the B class, previously known as multidrug resistance (MDR)/Phosphoglycoprotein (PGP)] proteins in auxin transport was first hypothesized when expression of ABCB1/PGP1 in Arabidopsis was found to regulate hypocotyl elongation in a lightdependent fashion (Sidler et al., 1998) . Subsequently, ABCB1 was shown to function with ABCB19/PGP19/MDR1 in mediating PAT (Noh et al., 2001 ). ABCB1 and ABCB19 are the closest Arabidopsis orthologs of mammalian ABCB1-type MDR transporters and although specificity for auxin is not assured , some appear to transport auxin with relatively high substrate specificity (Titapiwatanakun and Murphy, 2009; Yang and Murphy, 2009 ). ABCB14 and ABCB15 promote auxin transport along the inflorescence of Arabidopsis, where they are expressed in vascular tissue and interfascicular fibers. Inflorescence stems in both knockout mutants show a reduction in PAT (Kaneda et al., 2011) . ABCB4 from Arabidopsis is involved in basipetal PAT in the root (Terasaka et al., 2005; Kubeš et al., 2011) and, although most ABCBs studied to date function as efflux carriers, heterologous expression of ABCB4 suggests that it functions as an auxin influx carrier under low concentrations of IAA and reverses to efflux when IAA concentrations increase (Yang and Murphy, 2009) . The ABCB1/PGP1 ortholog has been cloned in maize (Brachytic2/ZmPGP1) and in Sorghum bicolor (dwarf3/SbPGP1) and shown to be responsible for IAA transport along the stem (Multani et al., 2003; Knöller et al., 2010) .
Our understanding of PAT and its role in development has advanced considerably in Arabidopsis and to a lesser extent in monocots, but the functional significance of these transport proteins − particularly the ABCBs − remain largely unknown in woody plants. Woody plants are defined by the production of secondary vascular tissue, specifically secondary xylem and phloem. These vascular tissues are derived from a lateral meristem called the vascular cambium that encircles the stem, adding new cells that will ultimately differentiate into xylem toward the inside of the stem and phloem toward the outside. Given the demonstrated role of PAT in vascular development in herbaceous plants it seems logical to expect a role in secondary growth. Indeed, the vascular cambium contains high levels of IAA in both Pinus and Populus, with a peak concentration occurring either in the cambial initials themselves, or perhaps more likely, in the earliest differentiating xylem elements (Uggla et al., 1996 (Uggla et al., , 1998 Tuominen et al., 1997; Hellgren et al., 2004) . Concentrations rapidly decline through the regions of cell differentiation to near zero in mature secondary xylem and phloem. Auxin transport in the cambium is basipetal (Lachaud and Bonnemain, 1984; Uggla et al., 1998; Kramer et al., 2008) and several members of the PIN and AUX/LAX gene families are expressed in developing Populus stems (Schrader et al., 2003 (Schrader et al., , 2004 Nilsson et al., 2008) . Furthermore, expression of one or more PIN and AUX/LAX genes is downregulated with the onset of dormancy (Schrader et al., 2003 (Schrader et al., , 2004 and upregulated following exogenous application of IAA and/or gibberellins (Schrader et al., 2003; Björklund et al., 2007) . Despite several excellent studies in Populus, our knowledge of the molecular mechanisms that regulate PAT in woody plants is essentially restricted to the expression patterns of just three PIN and AUX/LAX genes. A more comprehensive understanding of PAT gene and protein function in Populus will help to clarify the molecular mechanisms controlling vascular pattering in woody plants and explain the link(s) between short and long distance auxin transport in species with extensive stem development.
Here we present the first comprehensive account of the PIN, AUX/LAX, and ABCB gene families in Populus, which contain 16, 8, and 20 members respectively. We investigate the history of gene family members relative to each other within Populus and relative to proposed orthologs in Arabidopsis. Through phylogenetic analysis we describe the timing of the diversification of the PIN, AUX/LAX, and ABCB gene families relative to when plants colonized land. Because the transport function of the ABCB proteins is less understood and their specificity for auxin has not been completely elucidated, we model the protein structures for Populus ABCBs and compare these to known Arabidopsis ABCB transporters. We then provide expression data for all putative auxin transporters in Populus, including presence or absence data for each gene in the cortex, phloem, cambial zone, and xylem of mature stems. We present quantitative RT-PCR expression levels for whole plantlets, internodes just beginning to form secondary vascular tissue, roots and developing xylem from mature stems. Lastly, in order to determine the most likely contributors to the positive feedback mechanism driving "canalization" of auxin flow during vascular development, we test the response of PIN, ABCB, and AUX/LAX genes to exogenous IAA application. These findings should lay the foundation for the functional characterization of members of each family and suggest which proteins are likely to be important regulators of secondary growth.
MATERIALS AND METHODS

PLANT MATERIAL
Populus tremula × alba hybrid clone INRA 717-1B4 was chosen for all experimental procedures. In vitro plants were grown on half-strength Murashige and Skoog (MS) supplemented with 2% sucrose, 0.25 mg ml −1 MES, 0.04 mg ml −1 glycine, and 0.2 mg ml −1 myo-inositol at 25 ± 2˚C under 16 h day length conditions using GE 20W F20T12 growth lamps. Greenhouse plants were grown in 2:1:1 promix HP: perlite:vermiculite supplemented with 19-6-12 N-P-K slow release fertilizer. Greenhouse temperatures were maintained around 22 ± 5˚C and day light supplemented to achieve a 16 h day length using metal halide lamps.
IDENTIFICATION OF PIN, AUX/LAX, AND ABCB GENE AND PROTEIN FAMILIES
Populus trichocarpa gene and protein sequences were retrieved from the Joint Genome Institute's (JGI) P. trichocarpa v.1.1 database 1 . Henceforth we refer to these genes and gene families as PtrPIN, PtrAUX, and PtrABCB. When reporting expression data, we will refer to the same genes from P. tremula × alba (abbreviated as Pta, i.e., PtaPIN1). The PIN and AUX/LAX sequences had been previously annotated and we maintained the original nomenclature including the AUX and LAX names for every member of the AUX/LAX family from P. trichocarpa (i.e., PtrAUX1-LAX5). Every sequence was used as query with the BLASTn algorithm to search the National Centre for Biotechnology Information (NCBI) nucleotide collection database to confirm sequence identity. Putative ABCB genes in the P. trichocarpa genome were identified in the same database using 22 Arabidopsis ABCB gene sequences retrieved from the Arabidopsis Genome Initiative Research database (TAIR) 2 . The JGI P. trichocarpa v.1.1 database was also searched using the terms "MDR" and "ATP" as queries. A third search was conducted using the retrieved sequences to interrogate the Populus DataBase (PopulusDB) 3 . Finally all retrieved sequences were confirmed as encoding putative auxin transporters by searching the phytozome v.7.0 database 4 . All the remaining PIN, AUX/LAX and ABCB sequences from other species were retrieved from phytozome v.7.0, TAIR10, The Rice Genome Annotation Project 5 , and MaizeGDB 6 . The complete list of retrieved genes is provided in Table A4 in Appendix. All sequences were inspected for redundancy and presence of pseudogenes and invalid gene models were discarded. ABCB protein sequences were used as queries to search the PROSITE database 7 to confirm the presence of the TMD-NBD-TMD-NBD (transmembrane domain, nucleotide-binding domain) structure and the ABC C-motif. This allowed to rule out the presence of ABC half transporters and other ABC proteins not belonging to class B (Sanchez-Fernandez et al., 2001) and to classify the genes according to their full length structure, conserved motifs, sequence similarity, and EST support. Intron-exon structures of P. trichocarpa PIN, AUX/LAX, and ABCB genes were produced using the online tool GSDS, Gene Structure Display Server (Guo et al., 2007) 8 . The genome representation for Populus was created using the online tool SyMAP v.3.5 9
PtrABCB, PIN, AND AUX/LAX STRUCTURE ANALYSIS AND PtrABCB MODELING
Transmembrane domains were predicted using the online tools TMHMM Server v.2.0 10 and Aramemnon 11 . The protein structure of Sav1866 and MDR1 were obtained from the PDB (Protein Data Bank) database 12 . The predicted protein structures of AtABCB1 and 4 have been previously generated by Yang and Murphy (2009) . Arabidopsis templates (ABCB1 or 4) were chosen based on closest sequence identity. To generate the alignment files of Populus ABCB protein sequences and Arabidopsis ABCB sequences, Multialin 13 was used with default settings. The output file was manually edited to meet Modeller 9v5 requirements 14 . The predicted 3D protein structure was generated using the python script Modeller 9v5. Three structures were generated and the quality was determined according to the manual (Wiederstein and Sippl, 2007 ). The best model was used for substrate docking. Furthermore, the quality of the protein model was tested using the program ProSA 15 . Substrate docking was performed using MEDOCK 16 . PDB files of all proteins were translated into pdbq files using the PDB2PQR server 17 . For substrate docking prediction, the nucleotide-binding folds (NBFs) were removed. All loops connecting the TMDs were removed to reduce the size of the file. Finally, the pdbq file of IAA was produced with the Dundee PRODRG2 Server (Dolinsky et al., 2004 (Dolinsky et al., , 2007 18 . Each run had a docking repeat of five times and four runs were performed, resulting in a total of 20 molecules docked to the protein structure. Protein models were displayed using PyMol 19 .
PHYLOGENETIC ANALYSIS
Phylogenic reconstruction was conducted using the coding sequences of 18 species, including 3 monocotyledonous and 10 dicotyledonous plants. Sequences from the green algae Chlamydomonas reinhardtii (Merchant et al., 2007) and Volvox carteri (Prochnik et al., 2010) , the moss Physcomitrella patens (Rensing et al., 2008) and the lycopod Selaginella moellendorffii (Banks et al., 2011) were also included. For each coding sequence, three types of trees were retrieved from two different alignments. The first alignment was generated in concert with the tree search, a method called "dynamic homology" (Wheeler, 1996) . 149, 68, and 245 unaligned coding sequences from the PIN, AUX/LAX, and ABCB families (Table A4 in Appendix) were read into the phylogenetic program POY v.4.1.2 (Varón et al., 2009 ) and trees and alignments were searched simultaneously for the least costly sequence alignment and tree topology combination under the parsimony criterion. A second alignment was generated in the program MAFFT (Katoh et al., 2009) , where the same sequences were aligned under a gap opening cost of 4 and a gap extension cost of 0.05. This alignment was then input to the program Gblocks v.0.91b (Castresana, 2000; Talavera and Castresana, 2007) , which removes regions with multiple gaps and of dubious homology. Gblocks was run with default settings, except that gaps were allowed in all parts of the resulting alignment (such as in cases where one or a few sequences have a clear insertion or deletion). The alignment output by Gblocks was then used for tree searching in POY, where it was read as pre-aligned. Both unaligned and aligned POY tree searches were immediately followed by bootstrap searches, where 100 pseudoreplicates were searched starting with one Wagner tree each. Tree searches were conducted on a parallel computing cluster, using 24 processors searching for a maximum of 6 h of automated searching (in which POY decides on the best combination of builds, swapping, ratchet, and fusing) with dynamic homology and 16 processors for the pre-aligned data. For dynamic homology, in both the tree searches and the bootstrap calculations, the data were divided by the program into seemingly homologous blocks before searching using the command "auto_sequence_partition," which greatly increases search speed. For all POY searches, the costs of transitions, transversions, and insertion/deletion events were the same.
The alignment from Gblocks was also used for a maximum likelihood search in RaxML (Stamatakis et al., 2008) on the CIPRES Science Gateway 20 . The alignment was first uploaded and converted to relaxed Phylip format and then tree searches were performed with likelihood bootstrap in which the best tree is reported along with the results of a 100-pseudoreplicate bootstrap calculation. The program was allowed to determine the best model (the GAMMA Model was chosen) and other parameters automatically before tree searching. All trees were visualized and edited using FigTree v.1.3.1 21
DNA AND RNA ISOLATION AND cDNA SYNTHESIS
Total RNA from whole in vitro-grown plantlets, internodes, roots, and developing xylem was extracted using the Spectrum Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO, USA) according to manufacturer's instructions. Aliquots of approximately 100 mg developing xylem tissue were homogenized with a Mini Bead Beater (BioSpec Products Inc., Bartlesville, OK, USA) and stainless steel beads. mRNA from 20 μm-thick frozen sections from the cortex, secondary phloem, cambium, and secondary xylem was extracted using the DynaBeads mRNA Direct Kit (Invitrogen, Carlsbad, CA, USA) according to manufacturer's instructions. DNA was extracted using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) according to manufacturer's instructions using approximately 100 mg fresh leaf tissue. DNA and RNA concentrations were measured with a NanoDrop 2000™(Thermo Scientific, Waltham, MA, USA). Total RNA was treated with TURBO DNAfree™(Ambion, Austin, TX, USA) according to manufacturer's instructions. cDNA was synthesized from 1.5 μg of total RNA using SuperscriptII reverse transcriptase (Invitrogen, Carlsbad, CA, USA) with the oligodt 20 primer. RT-PCR reaction cycles were carried out according to manufacturer's instructions including a final 20 min incubation step with RNAseH (Invitrogen, Carlsbad, CA, USA). cDNA concentration was measured with a Nanodrop 2000™and the cDNA was diluted to 170 ng μl −1 .
AMPLIFICATION, CLONING AND SEQUENCING OF 3 END PCR PRODUCTS
In order to amplify the 3 end untranslated region (UTR) of transcripts that could not be detected in quantitative real time PCR (qRT-PCR) reactions with at least three different primer pairs, reverse transcription reactions were carried out using the Adp1-dt17 primer (Kramer et al., 1998) and SuperscriptII reverse transcriptase according to manufacturer's instructions. cDNA was amplified using the Adp1 primer coupled to the corresponding forward primer specifically designed to amplify the 3 end of the transcript (the complete list of primers is provided in Table A5 in Appendix). The PCR amplifications were carried out with Taq DNA polymerase (SIGMA, St. Louis, MO, USA) or Amplitaq ® Gold DNA polymerase (Applied Biosystems™, Foster City, CA, USA) according to manufacturer's instructions. PCR products were run on 1% agarose gels, gel purified using the Zymoclean™Gel DNA Recovery Kit (Zymo Research, Irvine, CA, USA) and cloned into the pGEM ® -T Easy Vector Systems (Promega, Madison, WI, USA). Colonies were grown on LB plates containing 100 mg/ml ampicillin. Following PCR amplification, positive colonies were grown in 4 ml of LB medium containing 100 mg/ml ampicillin, at 37˚C, over night. Plasmid DNA was extracted using the Qiagen Plasmid Mini Kit (Qiagen, Valencia, CA, USA) according to manufacturer's instructions. Plasmids were sequenced by Eurofins MWG Operon (Huntsville, AL, USA). Sequences were aligned using the Vector NTI Advance™10.3.0 AlignX module (Invitrogen, Carlsbad, CA, USA).
QUANTITATIVE RT-PCR
Quantitative real time PCR was carried out on the MX3000P and MX3005P systems (Stratagene, La Jolla, CA, USA) using Brilliant™SYBR ® Green QPCR Master Mix (Stratagene, La Jolla, CA, USA) according to manufacturer's instructions. The SYBR ® Green (with dissociation curve) experimental setup was used. Plates were manually loaded and reactions were carried out in a total volume of 20 μl, using 75 ng of cDNA per reaction. Reactions were run in triplicate. Primer pairs were designed using Primer3 software 22 , analyzed with OlygoAnalyzer 3.1 software 23 for melting temperature, oligo-, hetero-dimer, and hairpin structure formation, synthesized by Integrated DNA Technologies (IDT, IA) and tested with conventional PCR to verify amplification of a single product. Following primer titration, a final concentration of 250 nM for each primer was chosen. In qRT-PCR experiments the following thermal cycling conditions were used: activation step of 10 min at 95˚C; 40 cycles of 30 s at 95˚C, 25 s at 57˚C, 25 s at 72˚C; fluorescence was collected at the end of each extension step. A melting curve analysis was performed.
Efficiency-corrected expression values were calculated based on standard curves for all genes (Livak and Schmittgen, 2001; Pfaffl, 2001) . Standard curves were run in triplicate for every gene in every cDNA batch and amplification efficiencies were calculated from the standard curve slopes. Baseline-subtracted and ROX-normalized fluorescence readings were collected with the MX3005P software v.4.01. Expression values were normalized to the geometric mean of four housekeeping genes (PtaPD-E1, PtaUBQ1, PtaTUA2, PtaACT2) that were found, in our hands, to have the highest amplification efficiency and most stable expression across different tissues (Vandesompele et al., 2002; Brunner et al., 2004; Gutierrez et al., 2008) . For expression following exogenous IAA application, the same set of normalizers was used in a comparative quantitation experiment comparing treated and untreated control tissues.
IAA TREATMENTS
Two-month-old P. tremula × alba was grown in the greenhouse. Approximately 1-cm-long segments of internodes between four and eight nodes beneath the shoot apex and actively growing root tips were collected and incubated at room temperature in 30 μM IAA in liquid growth media (half-strength MS salts, 2% sucrose, 0.25 mg ml −1 MES, 0.04 mg/ml glycine, and 0.2 mg ml −1 myoinositol) for 6 h in the dark following a 15 min vacuum infiltration. The same conditions were used for negative controls (no IAA). Tissues were frozen in liquid N 2 and ground for RNA extraction.
RESULTS
CHROMOSOMAL DISTRIBUTION AND GENE DUPLICATION IN THE PIN, AUX/LAX, AND ABCB FAMILIES OF POPULUS
Nearly every locus coding for a PIN, AUX/LAX, or ABCB protein has a corresponding paralogous locus in another chromosomal block (Figure 1) . Populus has exactly twice the number of PIN (16) and AUX/LAX (8) genes as Arabidopsis (eight and four, respectively) and these genes form pairs with highly similar coding sequences, which may be the consequence of the relatively recent genome duplication (Figures 1, 2, and 3) . Neither the PIN loci nor the AUX/LAX loci appear to be derived from tandem duplications. In contrast, three tandem duplicated ABCB loci pairs (PtrABCB2-PtrABCB8, PtrABCB10-PtrABCB11, and PtrABCB13-PtrABCB14) are present in the Populus genome. Unlike the PIN and AUX/LAX families, the ABCB genes are more randomly distributed between corresponding and noncorresponding duplicated regions, with nine members that do not present any paired gene on another chromosome (Figure 1 ).
GENE AND PROTEIN STRUCTURE OF THE PIN, AUX/LAX, AND ABCB FAMILIES OF POPULUS
We identified a total of 44 Populus genes encoding putative auxin transport proteins, including 16 PIN, 8 AUX/LAX, and 20 PtrA-BCB loci. The complete list of P. trichocarpa PIN, AUX/LAX, and ABCB gene names, gene models, and loci can be found in Table A2 in Appendix. The PIN genes of Populus present a conserved intron-exon organization which is illustrated in Figure A1 in Appendix. The same structural characteristics are present across PINs from different plant species including Arabidopsis (Mravec et al., 2009; Wang et al., 2009; Shen et al., 2010) . The proteins belonging to the PtrPIN family range from 347 to 650 amino acids in length. In Populus, seven, three, and six PIN proteins present long, reduced and short central hydrophilic domains respectively. In general, there is no strict correlation between the length of the genomic sequence of loci coding for auxin transporters and their protein product length ( Figure A1 and Table A3 in Appendix). One locus (PtrPIN14) is classified as encoding a pseudogene. The proteins for the PtrAUX/LAX family range from 465 to 492 amino acids and present the most conserved sequence among the three families of putative auxin transporters. Their primary sequence is generally conserved across the plant kingdom and Populus has twice the number of AUX/LAX coding loci compared to Arabidopsis. All of the PtrAUX/LAX proteins have 11 predicted transmembrane domains. All the ABCB loci from P. trichocarpa encode proteins with a repeated TMD-NBD structure and carry a predicted nucleotide-binding domain signature Rea, 2007; Verrier et al., 2008) . Their length varies between 1141 and 1578 amino acids and the two regions integral to the plasma membrane are highly hydrophobic and comprise 7-12 transmembrane helices. In addition to these two conserved modules, a more variable and less hydrophobic linker region connects the first NBD to the second TMD in all PtrABCB proteins.
www.frontiersin.org FIGURE 1 | Chromosome distribution of PtrPIN, PtrAUX/LAX, and PtrABCB genes. The online tool symap v.3.5 was used to blast the Populus trichocarpa genome against itself and find duplicated regions. Populus has 19 chromosomes in the haploid state, shown here mapped onto a circle with homologous pairs along the upper and lower semi-circumferences. The color coded ribbons link one region with the correspondent homologous chromosomal segments. All PIN, AUX/LAX, and ABCB genes are assigned to a chromosome based on their map position. Red coded genes do not have any unique match on another locus in the genome. For a detailed list of these genes, see Table A2 in Appendix.
IDENTIFICATION OF PREDICTED IAA MEMBRANE TRANSPORTERS FROM THE ABCB FAMILY OF POPULUS
After analysis of the primary structure of the PtrABCB proteins, models of tertiary structure were produced using all 20 ABCB amino acid sequences. Structural models were displayed using PyMol (Figure A2 in Appendix) in order to determine which PtrABCBs are the most likely candidates for IAA transport. Although pairwise comparison of amino acid sequences can provide a first estimate of which proteins are the true orthologs of confirmed Arabidopsis auxin transporters (AtABCB1, AtABCB19, and AtABCB4), this information should be supported with the identification of IAA docking sites and transmembrane barrel structure predictions (Yang and Murphy, 2009 ). Among all PtrABCBs, 10 are predicted to have one or more IAA binding sites (Figure A2 in Appendix). In Arabidopsis, IAA is primarily docked at two binding sites in the TMDs of ABCB19 while ABCB4 has a unique additional binding site (Yang and Murphy, 2009 ). In Populus, ABCB1.1/ABCB1.2 and ABCB19 have the most similar sequence to AtABCB1 and AtABCB19 and have two, five, and three predicted binding pockets respectively.
RECONSTRUCTION OF THE PHYLOGENETIC RELATIONSHIPS IN THE PIN, AUX/LAX, AND ABCB GENE FAMILIES OF POPULUS
All three phylogenetic analyses (parsimony using unaligned and aligned sequences and maximum likelihood with aligned sequences) generally resulted in well resolved, reasonable, highly supported trees, indicating considerable phylogenetic signal in the sequence data, which was robust to different methods of analysis. Here we show the trees for all three gene families found under maximum likelihood and the tree found under dynamic homology and parsimony for the ABCB family (Figures 2, 3 , and 4; Figure A3 in Appendix). The three different analyses showed the same general patterns in each gene family, although the PIN analysis was more sensitive to the difference between likelihood and parsimony, the latter producing long, pectinate clades containing a mixture of taxonomic groups. The PIN genes of basal land plants (Physcomitrella and Selaginella in our analysis) cluster at the base of the tree, with the exception of PpPIN1D (Figure 2A) . The placement of PpPIN1D may indicate an erroneous or highly derived sequence, as its placement was unstable and with low bootstrap support and it was recovered in the likelihood tree on an extremely long branch. The angiosperm PINs initially split into two large clades, with subsequent splits that show the monocot/dicot divergence four or five times, although support for several of these nodes is weak (Figure 2) . There is also the frequent occurrence of clear sister pairs of PINs in Populus.
www.frontiersin.org The AUX/LAX analysis similarly places the basal land plant AUX/LAX genes in a grade at the base of the tree followed by two large clades of angiosperms (albeit with weak support; Figure 3) . The monocot AUX/LAX genes were recovered as two closely related clades under maximum likelihood ( Figure 3B ) but were recovered as a single clade when the aligned data were analyzed under parsimony (trees not shown). All Populus AUX/LAX genes were recovered as sister pairs or, in the case of PtrAUX1-LAX5 and PtrAUX2-LAX1, as closely related in a clade with the P. tomentosa and P. tremula × tremuloides AUX/LAXs. Table A1 in Appendix. An alternative phylogeny for the ABCBs based on dynamic homology and parsimony, generated with the program POY v.4.1.2, is shown in Figure A3 in Appendix.
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In contrast to the PIN and AUX/LAX trees, clades, or paraphyletic grades of basal land plant ABCBs were recovered in several different locations throughout each tree, often as sister to angiosperm clades that subsequently showed the monocot/dicot split (Figure 4) . We included coding sequences from the green algae in our ABCB analysis: two putative ABCB transporters www.frontiersin.org from C. reinhardtii (Cre17_g725200 and Cre17_g725150) and one ABCB-like sequence from V. carteri (Vcprot1), the latter used to root each ABCB tree. The inclusion of the algal sequences and the use of Volvox as a root appear valid, as they are not recovered on especially long branches, and Physcomitrella and Selaginella are appropriately placed on the first branches of each tree. In the maximum likelihood tree, we recovered 10 separate clades of monocot ABCBs, as well as an apparent expansion of the ABCBs in several angiosperm species, including Medicago truncatula and Prunus persica (Figures 4A,B) . Among the Populus ABCBs, only few were recovered in clear sister pairs. The tree found under dynamic homology for the ABCBs recovered almost identical groupings of basal land plant, monocot, and dicot ABCBs as those trees found using aligned sequences, but the relationships among these clades or groups differed. For example, a clade containing OsABCB12 and Mes026648 (top of Figure 4B ) was recovered as a paraphyletic grade immediately after the algal sequences in the dynamic homology tree (Figure A3A in Appendix).
TISSUE-SPECIFIC AND IAA-INDUCED EXPRESSION OF PtaPINs, PtaAUX/LAXs, AND PtaABCBs
Expression of all PIN, AUX/LAX, and ABCB gene family members in P. tremula × alba was characterized for whole plantlets, roots, and stem tissues from several developmental stages through qRT-PCR (Figures 6-8) . Whole in vitro-grown plantlets that were old enough to have initiated secondary growth were used as an initial screen and showed that over half of the PtaPINs and PtaAUX/LAX genes were expressed at abovetrace levels, while only four or five PtaABCBs showed abovetrace expression. Internodes that spanned the region of secondary growth initiation in greenhouse-grown plants should reflect combined expression in several distinct tissues, including cortex, vascular cambium, developing secondary vasculature, and primary xylem parenchyma. Here PtaPIN1, 6, and PtaABCB1.1 show high expression levels, with lower levels of PtaPIN7, 11, 15, 16 , and PtaABCB7 (Figures 6 and 8) . Developing secondary xylem removed from beneath the bark in 6-month-old greenhouse-grown trees showed high expression of PtaPIN1 and PtaABCB1.1, with lower levels of PtaABCB7. Roots showed low expression levels of most genes, which may simply reflect the fact that the roots collected were relatively mature and composed largely of parenchyma, rather than a concentration of actively growing root tips. PtaAUX/LAX genes were expressed at relatively uniform levels across all tissues and developmental stages (Figure 7) , although expression levels were highest for developing xylem, where very high levels of PtaAUX2 were detected.
In order to perform an expression screen (RT-PCR) with higher spatial resolution in developing woody stems, basal internodes approximately 100 nodes and 2.5 m down from the stem apex of 6-month-old Populus were freeze-sectioned and tissue collected from the cortex, secondary phloem, cambial zone (restricted to cambial initials and mother/daughter cells), and secondary xylem. Developing secondary xylem and phloem were discarded in order to obtain the most pure collections of tissues possible. Given that, the number of members of all families that are expressed in each tissue is striking (Figures 5-8 ). Only PtaPIN9, 10, and 12 and PtaABCB5 and 10 were not expressed in any tissue (Figures 6 and  8) , and although some of the transcripts detected through RT-PCR are likely expressed at very low levels, it is clear that expression of many previously undescribed members (e.g., PtaPIN6, 7, 15, and 16 and PtaABCB1.1 and 7 ) is widespread in Populus stems. Also striking is the fact that several members of all three transport families are expressed in mature secondary xylem, from which all mRNA is derived from living ray parenchyma cells.
Because a positive feedback mechanism is fundamental to the canalization of auxin flow during vascular development, we also tested the auxin response of members of the PtaPIN, PtaAUX/LAX, and PtaABCB gene families in roots and internodes from 2-month-old plants, following exogenous IAA application, via qRT-PCR. PtaPIN1, 2, and 7 and PtaAUX5 and 6 were strongly upregulated in developing internodes, with PtaPIN15 and 16 showing a more moderate increase (Figure 9) . In contrast, PtaPIN3 and 8 were strongly upregulated in roots, with PtaAUX6 and PtaABCB7 showing a lower expression level.
FIGURE 5 | Analysis of tissue-specific expression of PIN, AUX/LAX, and ABCB transcripts. Presence or absence of transcripts of genes coding for putative auxin transport proteins in the cortex, secondary phloem, cambial zone (i.e., initials and mother/daughter cells), and mature secondary xylem of Populus tremula × alba as determined by RT-PCR. Consensus of four biological replicates is shown, where GRAY = PRESENT, WHITE = ABSENT, and CROSS-HATCHED =VARIABLE among biological replicates. Samples were taken from the base of 6-month-old trees during active growth, approximately 100 internodes down from the top of the tree at a diameter of about 2 cm.
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FIGURE 6 | Quantification of PIN transcripts expression by qRT-PCR.
PIN genes show tissue-specific expression profiles that may reflect a role in directional auxin transport in developing vasculature, with PtaPIN1 highly expressed across all tissues. PtaPIN6, 7, 15, and 16 were expressed in internodes and have not been described before. Total RNA was extracted from four biological replicates and qRT-PCR standard curves and assays were run in triplicate. Expression values were calculated via the 2 −ΔΔCt method (Livak and Schmittgen, 2001; Pfaffl, 2001 ) and baseline-corrected fluorescence values were normalized against the geometric mean of PtaPD-E1, PtaTUA2, PtaUBQ, PtaACT2. These reference genes were stably expressed across all tissues with the exception of developing xylem; this means that it is permissible to compare expression levels within any single tissue as well as across whole plantlets, internodes, and roots. Error bars represent the SEM.
DISCUSSION THE ARRAY OF PUTATIVE AUXIN TRANSPORTERS IN POPULUS REFLECTS BOTH PRE-EXISTING DIVERSITY AND EXPANSION DUE TO GENOMIC AND SEGMENTAL DUPLICATIONS
There are twice as many members of the PIN and AUX/LAX gene families in Populus as there are in Arabidopsis and both families show a number of clear pairs based on coding sequence (e.g., Ptr-PIN4/5, PtrAUX3/4; Figures 2 and 3) . With no clear evidence for any tandem duplication in the PIN and AUX/LAX gene families, it is possible that all gene copies were retained following the "salicoid" genome duplication (Tuskan et al., 2006) . Although the functional role of these proteins has not been demonstrated in Populus, given the conserved protein structure and known specificity for IAA for most PINs in Arabidopsis (and to a lesser extent, AUX/LAX proteins), it seems likely that they have retained a function in auxin transport. To what extent new PINs have developed specialized roles in PAT in Populus is not known and the added redundancy for such an important developmental mechanism may be beneficial enough to warrant retention. Indeed, redundancy in Arabidopsis allows single PIN mutants to complete embryogenesis, whereas quadruple mutants are required before severe defects are observed (Benková et al., 2003; Friml et al., 2003) . At the same time it is interesting to note that there are clear differences in expression among presumed paralogs. For instance, PtaPIN1 is expressed at much higher levels than PtaPIN7 in internodes and developing xylem. Predictions about PIN function in Populus may also be informed by structural comparisons with Arabidopsis. The "long" PINs in Arabidopsis are localized to the plasma membrane and function in PAT, whereas those with shorter structure are found in the ER (Mravec et al., 2009; Friml and Jones, 2010) . PtrPIN1-3 and PtrPIN6-9 are all classified as "long" PINs (Table A3 in Appendix), but it is not known whether similar localization patterns exist in Populus.
In contrast to the PIN and AUX/LAX gene families, the number of ABCBs in Populus is not expanded relative to Arabidopsis (both species include about 20 members; Table A2 in Appendix) and only a few appear as closely related gene pairs. This is perhaps not surprising given that this gene family has a much deeper history and that ABCB proteins transport a number of substrates in addition to IAA. There also appears to be expansion in a number of angiosperms included in our phylogeny, such as Z. mays, M. truncatula, P. persica, and Arabidopsis (Figure 4) . Although there has been retention of ABCB copies from both tandem duplication and whole genome duplication events in Populus, there also appears to have been loss. Much functional work is needed on Populus ABCB genes and proteins before any role in PAT can be ascribed.
CANDIDATE ABCBs FOR IAA TRANSPORT FUNCTION IN POPULUS ARE SUGGESTED BY PHYLOGENETIC PLACEMENT AND PROTEIN STRUCTURE PREDICTION
ATP-binding cassette proteins constitute a very large superfamily that has representatives across the bacteria, plant, and animal www.frontiersin.org kingdoms (Jasinski et al., 2003; Verrier et al., 2008) and, as a group, are able to transport a wide array of different molecules (Geisler et al., 2005; Bandyopadhyay et al., 2007) . Among the ABCs, the subclass B includes proteins that are able to bind and transport auxin across the plasma membrane in Arabidopsis, whereas other members transport other substrates in addition to IAA (e.g., AtABCB14 functions primarily as a malate transporter ). There has been no functional characterization of the ABCBs in Populus to date and given the large size of the family and the likely role of one or more members in IAA transport, we sought to identify candidate PtrABCBs with this function. Our phylogenetic analysis shows that the coding sequences of PtrABCB1.1, PtrABCB1.2, and PtrABCB19 cluster together with AtABCB1 and AtABCB19 respectively, both of which are known IAA transporters with high specificity for IAA (Zazímalová et al., 2010) . Interestingly, although 10 of the 20 PtaABCBs are predicted to have one or more IAA binding sites based on tertiary structure, both PtrABCB1 and PtrABCB19 have only one clearly defined binding pocket for IAA. All but one of the remaining ABCBs with putative IAA binding sites (PtrABCB2, PtrABCB5, PtrABCB6, PtrABCB8, PtrABCB11, PtrABCB14) cluster together in the same clade, which includes AtABCB4, a gene coding codes for another membrane protein capable of IAA transport (Terasaka et al., 2005; Kubeš et al., 2011) . Similarly, PtrABCB16 occurs in the same clade as AtABCB13 and AtABCB14, where AtABCB14 has been recently determined as responsible for auxin transport in the inflorescence stem of Arabidopsis (Kaneda et al., 2011) .
We found PtrABCB1.1 to be highly expressed in most Populus tissues, particularly in internodes and developing xylem. PtrA-BCB7 was also expressed in these same tissues and was strongly upregulated in response to IAA, although most notably in roots. However, although coding sequence similarity places PtrABCB7 as a close relative of a presumed IAA transporter in Arabidopsis (AtABCB15; Kaneda et al., 2011) , the protein was not predicted to contain an IAA binding site. We suggest therefore that PtrABCB1.1 and its nearly identical paralog PtrABCB1.2 are the most logical candidates for initial functional characterization, both in heterologous expression systems (e.g., Schizosaccharomyces pombe) and in planta, given their phylogenetic placement relative to AtABCB1 and predicted IAA binding sites. It is interesting to note that in contrast to AtABCB1 (Geisler et al., 2005) , we did not find PtaABCB1.1 to be upregulated by exogenous IAA treatment. Lastly, we did not observe strong expression of PtaABCB19 in any Populus tissues nor was it upregulated by IAA. The expression of its presumed ortholog in Arabidopsis, AtABCB19, is induced by IAA treatments (Noh et al., 2001 ) and the protein often co-localizes with AtPIN1 (Bandyopadhyay et al., 2007) , suggesting that the relationship of these two proteins may have changed. Clearly there is much to be learned about the role of these ABCBs in IAA transport in Populus.
AUXIN TRANSPORTERS IN POPULUS STEM DEVELOPMENT
That auxin regulates vascular development in woody plants is clear, but our understanding of the genetic mechanisms and the role of specific proteins in basipetal transport is limited. The expression of PttPIN1-3 and PttLAX1-3 has already been characterized in detail across the developing stem tissues of P. tremula × tremuloides (Schrader et al., 2003) , but our results suggest that a far greater number of putative transporters are expressed in young internodes where cambial growth is being initiated. In particular, PtaPIN1, PtaPIN6, and PtaABCB1.1 are highly expressed in internodes, a complex tissue that includes primary xylem parenchyma, primary phloem, cortex, and a nascent vascular cambium. In developing xylem, PtaPIN1, PtaAUX2, and PtaABCB1.1 are highly expressed, with the latter likely to function in auxin transport given its protein sequence similarity to AtABCB1. Similarly, several previously uncharacterized transporters are strongly upregulated by auxin, including PtaPIN8, PtaAUX6, and PtaABCB7 in roots and PtaPIN7, PtaPIN15, PtaPIN16, PtaAUX5, and PtaAUX6 in internodes. Given the retention of copies of auxin transporters following duplication events, there is likely to be both redundancy and neo-functionalization for PAT proteins in Populus.
The vascular cambium and the secondary xylem and phloem that it produces are often viewed as distinct from primary growth, but it is important to remember that vascular development forms a continuum between stem and leaf (Spicer and Groover, 2010) . We know a great deal about the role of PAT in venation patterning in leaves of Arabidopsis (Scarpella et al., 2006) . Here, AtPIN1 directs auxin flow up through the epidermis toward a convergence point, from where it is channeled down through the center of a developing leaf primordium, establishing the location of the www.frontiersin.org first central vascular bundle. This vascular bundle differentiates from a strand of procambium that is continuous with the vascular cambium below, such that the basipetal transport of auxin out of developing primordia is likely continuous with the basipetal stream moving down through the cambium (Lachaud and Bonnemain, 1984; Uggla et al., 1998; Kramer et al., 2008) . Based on a combination of our results and published work in both Arabidopsis and Populus, we suggest that PtaPIN1, PtaAUX2, and PtaABCB1.1 are the best initial candidates for the maintenance of PAT in the cambial zone, although additional transporters are very likely involved. Given the slow time course and laborious nature of transformation in woody plants, our hope is that this work will provide a starting point for work in planta by identifying candidate IAA transporters involved in woody stem development. Functional studies, transport assays and protein localization are all needed to resolve the action of specific transporters in shaping the distribution of auxin across the cambial zone.
Finally, it is interesting to note that several members of the PIN, AUX/LAX, and ABCB gene families are expressed in the mature xylem. Although the bulk of this tissue is dead (e.g., vessels and fibers), ray parenchyma cells remain alive for many years (Spicer and Holbrook, 2007) and serve as a route of transport between xylem and phloem (Van Bel, 1990) . In particular, PtaPIN1, PtaAUX2, PtaAUX3, PtaAUX4 and PtaABCB1, PtaABCB7, PtaABCB20 were found to be expressed in these cells. In addition to their role in carbohydrate transport and storage, xylem parenchyma cells are able to exchange solutes with the transpiration stream and function in wound response. What is puzzling however is that these cells are symplasmically connected, at least in the radial direction, whereas PAT requires transport across a membrane. Furthermore, there is no evidence for free IAA in mature xylem (Uggla et al., 1996; Tuominen et al., 1997) . Although conjugated forms of IAA are transported in the phloem (Baker, 2000) no studies to date have looked for conjugated IAA in ray or axial parenchyma in secondary xylem. Given their role in wound response, some capacity for IAA transport (or even IAA synthesis) would not be surprising, but transport assays and protein localization are needed to clarify any potential role these cells might play in IAA transport.
THE ABCB GENE FAMILY DIVERSIFIED PRIOR TO THE PIN AND AUX/LAX FAMILIES AND PRIOR TO THE DIVERSIFICATION OF LAND PLANTS
It is clear from our phylogenetic analysis that the ABCB gene family existed before the diversification of land plants, whereas the PIN and AUX/LAX families arose within the land plant clade. This is supported by the fact that ABCB genes from a moss (P. patens) and a lycopod (S. moellendorffii) consistently occur nested within multiple, well-supported clades that also include higher plants (Figure 4; Figure A3 in Appendix). It also confirms previous work reconstructing the evolutionary history of this family (Bandyopadhyay et al., 2007; Krecek et al., 2009) . In contrast, diversification of the PIN and AUX/LAX gene families occurred after the origin of land plants, as suggested by the well-supported and exclusively basal position of both Physcomitrella and Selaginella PIN and AUX/LAX genes (Figures 2 and 3) . There was already considerable diversity in the ABCB gene family at the time of the monocot/dicot divergence, dated at approximately 130-150 Myr ago (Wolfe et al., 1989; Chaw et al., 2004; Bell et al., 2010) , as we recovered as many as 10 distinct ABCB gene clades that contain a clear monocot/dicot split with strong support. The picture is not as clear for the PIN and AUX/LAX genes due to weak support at some nodes, but there may have been five copies of the PIN and likely just two copies of the AUX/LAX genes at the time of the monocot/dicot divergence. It is not clear at this time whether all AUX/LAX genes in monocots descended from a single original copy, as suggested by the tree found using aligned sequences under parsimony, since monocot AUX/LAX genes were not recovered in a single clade in other trees (Figure 3) .
In conclusion, we show that the deep history of the ABCB family of transporters coupled with the expansion of the PIN and AUX/LAX families following a genome duplication has led to a diverse array of over 40 putative auxin transport proteins in Populus. Given this large number and the inherent difficulties in working with a woody plant (e.g., long generation times, slow transformation process, difficult nucleic acid extraction), it is important to establish a comprehensive picture of gene expression profiles and predict their protein structures. By considering both evolutionary relationships and structural similarities to known auxin transporters, we can choose the most appropriate candidates for future study. One of the main goals in the short term should be to develop a set of tools for protein localization, including antibodies and protein fusions for stable plant transformation. Although technically difficult for trees, these findings should be coupled with functional studies with knockout mutants. Lastly, it will be important to determine the transport capacity and substrate specificity of target proteins of Populus by expressing them in heterologous systems such as S. pombe. We hope that this work provides a foundation on which to build an improved understanding of auxin transport in Populus, as knowing the role of specific transport proteins in secondary vascular development is likely key to enhanced utilization of woody plants. Table A4 , analyzed using dynamic homology under the parsimony criterion. Gray branches indicate nodes with bootstrap support lower than 50%. Algal ABCBs are colored light blue-green, basal land plants blue, Populus green, Arabidopsis red, and monocots yellow. Abbreviated names of each species are listed in Table A1 . Table A1 | List of all species with their abbreviated names used in the present work.
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Species Abbreviation
Aquilegia caerulea Aco
Arabidopsis thaliana At
Chlamydomonas reinhardtii Cre
Eucalyptus grandis Egr
Manihot esculenta Mes
Medicago truncatula Mtr
Oryza sativa Os
Physcomitrella patens Pp
Populus tomentosa Pto
Populus tremula × tremuloides Ptt
Populus trichocarpa Ptr
Prunus persica Ppe
Ricinus communis Rc
Selaginella moellendorffii Sm
Sorghum bicolor Sb
Vitis vinifera Vv
Volvox carteri Vc
Zea mays Zm www.frontiersin.org Frontiers in Plant Science | Plant Physiology Secchi et al. (2009). c This primer sequence has been first published in Kramer et al. (1998) .
